INTRODUCTION
African swine fever (ASF) is caused by a large, cytoplasmically located, icosahedral virus particle containing a long (170 to 190 kbp), linear, double-stranded D N A genome. ASF virus has some similarities with poxviruses (for review, see Vifiuela, 1985) .
In African countries south of the Sahara, a reservoir of ASF virus is maintained in warthogs, whose burrows are inhabited by the arthropod vector of ASF virus, the tick Ornithodoros moubata. ASF virus can be transmitted between ticks transtadially, transovarially and sexually.
Although warthogs may be infected by bites from infected ticks, neither direct vertical nor direct horizontal transmission of ASF virus between warthogs has been demonstrated (Plowright et al., 1969; Plowright, 1981 ; P ini, 1977; Thomson et al., 1983) . Thus the tick vector plays an essential role in the transmission cycle involving warthogs. In contrast to the situation in warthogs, horizontal transmission of ASF virus occurs readily between domestic pigs and, once introduced, the virus may be transmitted between pigs without the necessity for a tick vector (for reviews, see Wilkinson, 1981; Plowright, 1981) .
Restriction enzyme analysis of ASF virus genomes has established that viruses isolated during disease outbreaks in domestic pigs in Europe are closely related to each other (Wesley & Tuthill, 1984; Vifiuela, 1985 ; P. J. Wilkinson & L. K. Dixon, unpublished results) , and also that European isolates are closely related to those from ASF virus outbreaks in domestic pigs in the Caribbean and Cameroon (Wesley & Tuthill, 1984 ; F. Ekue & P. J. Wilkinson, unpublished results) . In contrast, other African isolates of ASF virus collected from various hosts in widely dispersed geographical locations over a long timespan are genetically very diverse (Wesley & Tuthill, 1984; Thomson, 1985) . However, until now no analysis of ASF virus isolates collected at similar times from wildlife sources within a defined region has been carried out.
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In the present study we have analysed the genomes of ASF virus isolates collected over a 2 year period from ticks inhabiting warthog burrows in Zambia. ASF has only been reported from the eastern province of Zambia where the disease is endemic. However, a survey of four National Parks and/or adjoining Game Management Areas showed that ASF virus was present in ticks inhabiting warthog burrows in each of these four areas . We have analysed virus isolates from each of these areas, and within Livingstone Game Park we have studied isolates from different ticks in the same or neighbouring warthog burrows.
METHODS
Virus isolates and cloned DNA. Virus isolates analysed in this study were collected from ticks inhabiting warthog burrows in four National Parks in northern, eastern, central and southern Zambia . Details of the isolates used are shown in Table I . These Zambian isolates were compared with an isolate (Lil 20/1) obtained from Malawi in November 1983 (Haresnape et al., 1988) . DNA from Lil 20/1 has been cloned in bacteriophage lambda and plasmid vectors and a restriction enzyme site map of the genome obtained (Dixon, 1988) .
A collection of plasmid clones containing DNA from a Spanish isolate (Ba71 V) of ASF virus adapted to grow in Vero cells (Ley et al., 1984) was a generous gift of Dr E. Vifiuela (Universidad Autonoma, Madrid, Spain). Bacteriophage lambda and plasmid DNAs were prepared by standard methods (Maniatis et al., 1982) .
Growth of virus and purification of viral DNA. Virus isolated from individual adult ticks were inoculated intravenously into pigs. Virus was purified from the red blood cell fraction of infected pig blood essentially as described by Wesley & Tuthill (1984) except that 50% rather than 60% sucrose was used in step gradients. In addition, virus preparations were treated with DNase (50 p.g/ml) followed by 1% Tween 80 in order to remove contaminating cellular DNA before loading onto sucrose gradients. DNA was prepared from isolated virus by phenol extraction following lysis of virus with SDS and pronase.
Enzyme reactions. Restriction endonucleases were used according to the manufacturers' recommendations. Endlabelling of restriction endonuclease digests with [32P]dATP using the Klenow fragment of DNA polymerase was performed using standard procedures (Maniatis et al., 1982) .
Agarose gel electrophoresis and Southern blotting. Electrophoresis of DNA fragments was carried out on 0.6, 1 or 2% agarose (Bethesda Research Laboratories electrophoresis grade) gels in 40 mra-Tris-acetate buffer pH 8.0. Bands were visualized either by staining with ethidium bromide or by autoradiography of dried gels containing end-labelled restriction endonuclease fragments. DNA was transferred from gels (Southern, 1975) onto Hybond-N filters (Amersham) and was attached to the filters by baking at 80 °C for 2 h.
Preparation of radioactively labelled DNA probes and hybridization conditions. DNA probes were labelled with [32p]dATP using the random oligonucleotide primer method (Feinberg & Vogelstein, 1983 . Hybridization of filters to denatured probes was carried out at 65 °C in 5 x SSC (1 × SSC is 150 mM-NaC1 and 15 mM-trisodium citrate), 10 x Denhardt's solution, 50 p.g/ml denatured salmon sperm DNA, 0.3% SDS. Filters were washed at 65 °C in 0.1 x SSC, 0.1% SDS and exposed to X-ray film. Radioactive probes were eluted from filters by washing for 30 min at 42 °C in 0.4 M-NaOH and for 30 min at 42 °C in 0.1 M-Tris-HC1 pH 7-5, 0.2 x SSC, 0.2% SDS. Table 2 ). Only a few restriction enzyme fragments (for example those of size 24, 13 and 6-2 kb) migrated with similar mobility in all these isolates. Similarity in size by itself is not a sufficient criterion to conclude that fragments are homologous and it was necessary to carry out additional hybridization anlaysis to establish this homology.
To characterize further the genomes of these isolates, restriction enzyme fragment mapping was carried out by cross-hybridization of cloned ASF virus D N A with Southern blots of BamHI restriction enzyme digests of virus D N A from Zambian isolates. Cross-hybridization with bacteriophage lambda clones containing ASF virus D N A inserts from the Malawi isolate (Lil 20/1) (Dixon, 1988) , which overlapped each other and together covered the complete genome, enabled a sequential order of restriction enzyme fragments in the genomes of the Zambian isolates to be deduced. In several cases the order of restriction enzyme fragments could not be deduced by cross-hybridization with overlapping bacteriophage lambda clones. In these cases additional hybridizations were carried out, using either plasmid subclones of particular regions or subfragments isolated from bacteriophage lambda clones by restriction enzyme digestion and agarose gel electrophoresis. Table 3 summarizes the results of hybridizations from which the BamHI maps of isolates Sum 14, Kab 6, Mfue 6, Liv 13 and other Liv isolates were deduced. (Dixon, 1988) and is shown for comparative purposes. The other isolates are described in Table 1. :~ Letters beside fragments indicate their map position deduced as described in the text and labelled sequentially beginning with fragmen t a at the left-hand end of the genome.
The BamHI maps of these four genomes were compared with each other and with the previously deduced map of the Malawi (Lil 20/1) genome (Dixon, 1988) (Fig. 2) . Only four restriction enzyme fragments were considered to be conserved because they were identical or very similar in length (within 5 ~ of the total fragment length or 500 bp) in all five genomes (Lil 20/1 fragments b, q, s, t) and an additional seven fragments were conserved in four of the genomes (Li120/1 fragments a, o, p, u, v, r, m). These conserved fragments were located mainly in two regions on the genome, one in the right-hand 50 kb (excluding the terminal fragment) and the other in the left-hand terminal 32 kb. The gain or loss of restriction enzyme sites as a result of point mutations or small deletions explained the variation in restriction enzyme fragment lengths between different viruses in certain regions of the genome. For example, the 7.5 kb Kab 6 w fragment did not "contain a BamHI site that was present in the genomes of all the other isolates. The presence of this extra BamHI site produced two restriction enzyme fragments of size 2.6 or 2.7 kb (Su m 14 t, Mfue 6 u, Liv 13 v, Lil 20/1 v) and 5.0 kb (Sum 14 s, Lil 20/1 u), 4-8 kb (Mfue 6 t) or 4.4 kb (Liv 13 u) (Table 2, Fig. 2 ). Similarly, fragments of 2-0 kb q and 6.3 kb r in Kab 6 werereplaced by a single fragment of 8.45 or 8.5 kb in other isolates (Sum 14 n, Mfue 6 o, Liv 13 o, Lil 20/1 p). Deletion or addition of sequences, which resulted in differences in the size of individual restriction enzyme fragments, accounted for variation between viruses in other regions of the genome. For example, one internal fragment (Sum 141, Kab 6 o, Mfue 6 m, Lil 20/1 n) varied between 10.5 and 13.5 kb, and the right-hand terminal fragment (Sum 14 u, Kab 6 x, Mfue 6 v, Lil 20/1 w) varied between 9.5 and 13-3 kb. In other regions of the genome (for example between 32 and 85 kb from the left-hand terminus) variation between the genomes of different isolates probably resulted from both point mutations and deletions or insertions. (Dixon, 1988) . Isolated fragments from subclones of the Malawi (Lil 20/t ) genome are written in the form MwBam i [see Dixon (1988) for nomenclature 6f Malawi-Li120/1 fragments].
RK is a clone of the EcoRI k fragment from the Veto cell-adapted Spanish isolate Ba 7IV (Ley et aL 1984) . This clone contains sequences from the terminal inverted repeat and therefore hybridizes to both terminal fragments.
t The BamHI fragments of isolates Sum 14 Kab 6, Mfue 6 and Liv 13, to which individual probes hybridized.
:~ Results in other Liv isolates which differed from the Liv 13 isolate.
The degree of relatedness between pairs of virus genomes was agsessed by counting the number of BamHI fragments that were identical or very similar in length and contained homologous sequences (Table 4 ). This analysis indicated that the Liv 13 genome was the least related to the other genomes, since it shared the lowest number of fragments of conserved length with the other four virus genomes (between five and nine fragments from a total of 23 depending on the isolate under comparison). The other four genomes shared a similar number of fragments, between 11 and 13, that were conserved in length.
Restriction enzyme analysis and mapping of the genomes of seven isolates collected from ticks inhabiting four different warthog burrows within Livingstone Game Park
Restriction enzyme analysis with both BamHI (Fig. 3a , Table 5 ) and ClaI (Fig. 3b, Table 6 ) of the genomes of seven isolates collected from four separate warthog burrows within the 10 km 2 area of Livingstone Game Park, showed that the genomes of these isolates were closely related to each other. In an analysis similar to that described for Dixon (1988) . Similarities between the genomes are indicated. Dashed areas indicate fragments that are exactly conserved in length between isolates, and dotted areas indicate those fragments which are conserved to within 500 bp or 5 ~ of the total length (whichever is the smaller value). Crossed areas indicate other fragments which are the same length in two different isolates but which vary in size by 500 bp or 5~o of the total length from fragments in other isolates. in isolates * The number of BamHI restriction enzyme fragments containing homologous sequences that are identical or very similar in length between different pairs of virus isolates are indicated. t The figures given in parentheses indicate the number which are identical in length (first number) or are within 5~ of the total length or 500 bp, whichever is the smaller (second number).
(3-5 kb), b (14 kb) and c (5.2 kb)] and some that comigrated with fragments from an isolate from burrow 10 [BamHI fragments t (4.7 kb) and u (4-4 kb) and ClaI fragments e (18.7 kb), n/o (16 kb), r (5-25 kb), s (12-5 kb) and u (5.9 kb)]. One BamHI fragment, i (2-0 kb), and one ClaI fragment, i (6-0 kb), migrated with the same mobility in isolates Liv 13, 5b, 5c, 5d and 12. Thus four distinct genotypes (Liv 13, Liv 5a, Liv 10 and Liv 5b, 5c, 5d, 12) could be distinguished between the seven isolates from Livingstone Game Park by analysis of their restriction enzyme profiles (Fig. 3, Tables 5 and 6 ).
BamHI and ClaI maps were prepared for these seven virus isolates from Livingstone Game Park (Fig. 4) . Table 3 summarizes the results of hybridizations from which the BamHI maps were deduced, and Table 7 summarizes the results from which the ClaI maps were deduced.
Restriction enzyme fragments that varied between the four distinguishable virus genotypes from Livingstone Game Park are shown (Fig. 4) . At several positions on the genome, variation between virus genotypes resulted in gain or loss of restriction enzyme sites, probably as a result ClaI (b) were separated on 0.6~ agarose gels and bands were visualized by staining with ethidium bromide. Digests of DNA from (lanes 1) Liv 13, (lanes 2) Liv 5b, (lanes 3) Liv 5a and (lanes 4) Liv 10. DNA from isolates Liv 5c, 5d and 12 produced the same fragment patterns as that from 5b. The faint bands visible in (b) lanes 2 and 4 at about 9 and 7 kb are partial digestion products, since these disappear after prolonged digestion. The positions at which markers of known size (kb) migrated are indicated.
of point mutations or small deletions, since the overall fragment length was conserved. At the location 110 kb from the left-hand terminus of the genomes of isolates Liv 13 and Liv 5b, 5c, 5d and 12, there was a ClaI site between fragments n and o which was not present in the genomes of isolates Liv 5a and Liv 10. Similarly, the genomes of isolates Liv 5a and Liv 10 contained a ClaI site between fragments r and s (about 130 kb from the left-hand terminus) which was not p.resent in the genomes of isolates Liv 13 and Liv 5b, 5c, 5d and 12. The Liv 13 isolate lacked one BamHI site (about 132 kb from the left-hand terminus) which was present in the other isolates (between fragments q and r). In one region of the virus genome, between 33 kb and 75 kb from the left-hand terminus, ClaI fragments in the Liv 13 genotype showed a very different pattern from that of all other Liv genotypes. However, the BamHI sites in this region were conserved between the Liv virus genotypes. Small variations in the length of the left-hand and right-hand terminal regions were observed using both BamHI and ClaI. In virus genotypes Liv 13 and Liv 5a the left-hand terminal fragments (BamHI a and ClaI a) and the fragments internal and adjacent to the termini (BamHI b and ClaI b and c), were identical in length. The left-hand terminal fragments of virus genotype Liv 10 were different to that of Liv 5b, 5c, 5d and 12, which were indistinguishable from each other, and all five of these were different from those of virus genotypes Liv 13 and Liv 5a.
The genome maps show that the left-hand terminal region (between 0 and 23 kb) of the Liv 5a genotype is the same as that of the Liv 13 genotype, whereas in all other informative regions of the genome the Liv 5a genotype is the same as that of Liv 10 and different from that of Liv 13. There are two possible explanations for the derivation of the Liv 5a genotype. First, the Liv 5a genotype may have been derived by recombination between Liv 13 and Liv 10 genotypes. If so, recombination must have occurred between or within ClaI fragments c and e, since ClaI fragment c of Liv 5a is the same as the Liv 13 ClaI fragment c, whereas ClaI e of Liv 5a is the same as ClaI e of Liv 10. The second explanation is that mutation of the left-hand terminal region ofa Liv 10 genotype resulted in a Liv 5a genotype, or vice versa. However, both the lefthand terminal fragments (BamHI a and ClaI a) and the fragments internal and adjacent to these (BamHI b and ClaI b and c) vary between genotypes Liv 5a and Liv 10, and thus a single mutational event could not explain the differences between these two genotypes. 
Genetic diversity of ASF virus isolates

DISCUSSION
Restriction enzyme analysis of ASF virus isolates showed that those from outbreaks which occurred between 1957 and 1986 in domestic pigs in Europe, the Caribbean and Cameroon were all closely related (Wesley & Tuthill, 1984; Vifiuela, 1985; P. J. Wilkinson et aL, unpublished results) . Comparison of the SalI restriction enzyme site maps of ASF virus genomes isolated at different times and from different regions of the Iberian peninsula showed that these had a conserved central region of 125 kb. Variation within the left-hand 40 kb and right-hand 10 kb resulted from deletion or addition of sequences (Vifiuela, 1985) . Large differences in the size of the left-hand terminal region were observed: the Lisbon 1957 isolate had an additional 6 kb sequence at a position about 10 kb from the left-hand terminus (Vifiuela, 1985; P. J. Wilkinson & L. K. Dixon, unpublished results) . Adaptation of ASF virus to grow in tissue culture cells resulted in DNA rearrangements which included the loss of DNA sequences (up to 17 kb) from a region close to the left-hand terminus of the genome (Vifiuela, 1985; Tabares et al., 1987) . Thus large deletions of DNA sequences occurred from a region of the genome 7 to 20 kb from the lefthand terminus both in field isolates of ASF virus from domestic pig outbreaks and in isolates adapted to grow in tissue culture cells.
Our results, which compare the genomes of ASF virus isolates collected over a 2 year period from ticks inhabiting warthog burrows in four regions of Zambia, are in contrast to the genetic similarity and terminal localization of DNA sequence variability noted above. First, we observed considerable genetic diversity between virus isolates along the length of the genome. This may reflect the independent evolution of geographically separated virus isolates, but might also reflect selective pressures imposed by genetically diverse hosts. The similarity of isolates from domestic pigs in Europe, the Caribbean and Cameroon indicates that all these domestic pig isolates may have been derived from a single introduction of ASF virus from a wildlife source into the domestic pig population. Once introduced into this population ASF virus might be readily transmitted between animals that are relatively genetically homogeneous.
The genetic diversity of the ASF virus isolates we have analysed is greater than that observed within an individual species or genus of the Poxviridae. Analysis of orthopoxvirus genomes showed that, within this genus, there was considerable conservation in the centre of the genome, and that species-, strain-and variant-specific differences were due mainly to variation in sequence and length of terminal regions (Mackett & Archard, 1979; Esposito & Knight, 1985) . Forty percent of the DNA sequence of the genome of one orthopoxvirus isolate from an American raccoon did not cross-hybridize with orthopoxvirus DNA probes and this genome was therefore an exception to these observations (Esposito & Knight, 1985) .
The second way in which our results differ from those obtained with domestic pig isolates from Europe is that we did not observe variation between isolates that had resulted from deletions of DNA sequences from a region close to the left-hand terminus of the genome. All the (Dixon, 1988) .
t" The ClaI fragments of isolates Liv 13, Liv 5a, Liv 10, Liv 5b, 5c, 5d, 12 to which these probes hybridized. Table 4 indicates the fragment lengths.
:~ Plasmid subclones of the Vero cell-adapted Spanish isolate (Ley et al., 1984) . Clone RK contains sequences from the terminal inverted repeat and therefore hybridizes to both terminal fragments.
isolates we analysed had a BamHI site at a position between 8 and 10 kb from the left-hand terminus and, in addition, the 24 kb BamHI fragment b internal and adjacent to the left-hand terminal fragment a was quite closely conserved in length in all isolates.
The ends of ASF virus and poxvirus genomes contain covalently closed terminal cross-links (Ortin et al., 1979; Geshelin & Berns, 1974) and terminal inverted repeats (TIR). These T/R, which contain multiple sets of tandem repeats, are 10 kb long in vaccinia virus (Wittek & Moss, 1980; Pickup et al., 1984; Baroudy et al., 1982) , but only 2.4 kb long in a Vero cell-adapted Spanish ASF virus isolate (Sogo et al., 1984; Gonzalez et al., 1986) . In vaccinia virus variation in the number of tandem repeats results in frequent changes in the length of terminal genomic fragments (Moss et al., 1981) . The DNA insertions and deletions found in the region 7 to 20 kb from the left-hand terminus of European domestic pig ASF virus isolates and tissue cultureadapted ASF virus isolates are not within the TIR and cannot therefore be explained by variation in the number of tandem repeats within the TIR. Virus replication in ticks and warthogs may require additional genes not necessary for multiplication in domestic pigs, and may also impose constraints on the structure of viral proteins. Introduction of virus from tick/warthog sources into domestic pig populations would remove the selection pressure for maintaining these genes. Thus sequences deleted from the region close to the left-hand terminus of the genomes of domestic pig isolates might contain hostspecific genes that are required during virus multiplication in ticks or warthogs.
Virus clones differing in various properties including antigenic determinants, virulence, plaque size, haemadsorption characteristics and genome restriction enzyme profiles have been isolated from uncloned ASF virus isolates (Garcia-Barreno et al., 1986; Pan & Hess, 1985; Pan et al., 1988; Santurde et al., 1988; Wesley & Pan, 1982) . In the present study our analysis was carried out on uncloned ASF virus isolated originally from ticks but subsequently grown in domestic pigs. We did not detect any virus subpopulations represented by variant restriction enzyme profiles, so any subpopulations that may have been present must have been at a level below the limits of detection (approximately 5 ~ of the total virus DNA).
Our results indicate that one virus isolate from Livingstone Game Park may have been derived by recombination between two other isolates. This would require simultaneous infection of a single cell with two different viruses, and since ticks can be persistently infected with ASF virus over a period of years (Plowright et al., 1970) during which time they may feed on a number of warthogs, the potential for multiple infection of either ticks or warthogs is considerable. The ability of poxvirus genomes to undergo recombination has been clearly demonstrated. For example, recombination of two leporipoxviruses, Shope fibroma virus and myxoma virus, resulted in the isolation of a novel leporipoxvirus called malignant rabbit virus (MRV) from a rabbit (Strayer et al., 1983) . Mapping the MRV genome indicated that about 10 kb of DNA from the Shope fibroma virus had recombined into the myxoma virus genome at positions close to both termini (Block et al., 1985) . The recombination mechanism of poxviruses has also been exploited to carry out marker rescue experiments (Nakano et al., 1982; Sam & Dumbell, 1981) and to insert foreign genes into vaccinia virus Mackett et al., 1982) . Since ASF virus is similar to poxviruses in a number of respects, including its DNA replication mechanism (Vifiuela, 1985; Gonzalez et al., 1986) , it is reasonable to suggest that similar recombinations may occur between ASF viruses.
